CAB-7p i s a chlorophyll a/b binding protein of photosystem I (PSI). It is found in light-harvesting complex I 680 (LHCI-680), one of the chlorophyll complexes produced by detergent solubilization of PSI. l w o types of evidence are presented to indicate that assembly of CAB-7p into PSI proceeds through a membrane intermediate. First, when CAB-7p is briefly imported into chloroplasts or isolated thylakoids, we initially observe a fast-migrating membrane form of CAB-7p that is subsequently converted into PSI. l h e conversion of the fast-migrating form into PSI does not require stroma or ATP. Second, trypsin treatment of thylakoids containing radiolabeled CAB-7p indicates that there are at least two membrane forms of the mature 23-kD protein. l h e predominant form is completely resistant to proteolysis; a second form of the protein is cleaved by trypsin into 12-and 7-kD polypeptides. We interpret this to mean that the intermediate i s a cleavable form that becomes protease resistant during assembly. l h i s notion is supported by the observation that CAB-7p in LHCI-680 is largely cleaved by trypsin into 12-and 7-kD polypeptides, whereas CAB-7p i n isolated PSI particles is trypsin resistant. In vitro, we generated a mutant form of CAB-7p, CAB-7/Bgl2p, that was able to integrate into thylakoid membranes but was unable to assemble into PSI. l h e membrane form of CAB-7/Bgl2p, like LHCI-680, was predominantly cleaved by trypsin into 12-and 7-kD fragments. We suggest that the mutant protein is arrested at an intermediate stage in the assembly pathway of PSI. Based on its mobility i n nondenaturing gels and its susceptibility to protease cleavage, we suggest that the intermediate form is . We propose the following distinct stages in the biogenesis of LHCI: (a) apoprotein is integrated into the thylakoid, (b) chlorophyll is rapidly bound to apoprotein forming LHCI-680, and (c) LHCI-680 assembles into the native PSI complex.
ning domains. The analysis of predicted amino acid sequences and results of proteolytic mapping of LHCII CAB proteins helped to establish a model of CABp topology within the chloroplast thylakoid membrane (Karlin-Neumann et al., 1985) . This model predicts that LHCII CABp is oriented with the N terminus in the stroma and the C terminus in the lumen. The first and the second a-helices are connected by a short loop facing the lumen, whereas the second and third a-helices are connected by a longer loop exposed to the stroma (see schematic presentation in Fig. 3b) .
A three-dimensional map of LHCII crystals suggests that CABp is assembled into trimers and the antennae are organized from repeating units of these trimers (Kuhlbrandt, 1984) . The recent eaucidation of the three-dimensional structure of LHCII at 6 A resolution confirms this predicted model (Kuhlbrandt and Wang, 1991) . The structure of LHCs has been studied primarily using the major PSII antenna protein.
The topology of LHCI CABp is not known, but it is predicted to resemble that of LHCII, based on the conservation of structural features among the amino acid sequences (Green et al., 1991) .
The CAB polypeptides, like most other nuclear-encoded chloroplast proteins, are synthesized in the cytosol as precursor forms with transit peptides at the N terminus. The transit peptide is required and sufficient to target these proteins to the chloroplast and to initiate their translocation across the chloroplast envelope membranes (for review, see Keegstra, 1989; Keegstra et al., 1989) . However, the transit peptide is not required for targeting and integration of CABp into the thylakoid membrane or assembly of CABp into LHC (Lamppa, 1988; Viitanen et al., 1988; Hand et al., 1989) . At some point after import, the transit peptide is cleaved by a partially characterized stromal peptidase (Lamppa, 1987; Abad et al., 1989) . If integration into the thylakoid is inhibited using ionophores such as nigericin and valinomycin, the mature CABp accumulates in the stroma, suggesting that CABp is targeted via a stromal intermediate (Reed et al., 1990) . This is further supported by the observation that in chloroplast lysates, integration of CABp into thylakoids requires stroma and ATP (Cline, 1986; Chitnis et al., 1987; Fulson and Cline, 1988) and that the role of the stromal factor is, in part, to maintain CABp soluble in a form com-Plant Physiol. Vol. 102, 1993 petent for insertion (Payan and Cline, 1991) . CABp from either LHCI or LHCII, when imported into chloroplasts, comigrates with its respective photosynthetic antenna on nondenaturing gels or Suc gradients, indicating that correct assembly occurs in organello (Pichersky et al., 1987 (Pichersky et al., , 1988a Stayton et al., 1987) . Correct assembly has also been demonstrated to be a characteristic of the in vitro integration system for CABp from LHCII (Cline, 1988) .
The processes involved in the integration of a newly imported CABp precursor into the thylakoid and its assembly into a photosystem are poorly understood. To elucidate the steps involved, it is necessary to dissect the process into its component parts. In the present study, we provide evidence that CAB-7p assembles into native PSI via a membrane intermediate. We have generated a mutant, CAB-7/Bgl2p, that can integrate into the thylakoid membrane with the correct topology but cannot assemble into native PSI. Our studies suggest that the mutant protein is arrested at an intermediate stage in the assembly pathway of PSI. We provide evidence that suggests that the intermediate form corresponds to LHCI-680, a monomeric form of CAB-7p that has bound Chl.
MATERIALS AND METHODS

Preparation of Precursors
pGEM4Cab-7/Bgl2 and pGEM4Cab-7BstE2 were created from Cab-7 (Pichersky et al., 1988b) by site-directed mutagenesis (Kunkel, 1985) using the oligos 5'GGGACAGA-TAAGATCTATCCTGGAGGT3' and 5 'GGAATACTTGGT-GACCCTTCATGGTAC3', respectively. For CAB-7/Bgl2p, this resulted in the creation of a BglII site in the gene and substitution of Val and Gly for Lys and Ile at positions 194 and 195, respectively. For CAB-7/BstEZp, this resulted in the creation of a BstEII site in the gene and substitution of Gly and Asp for Asn and Thr at positions 134 and 135, respectively. Cab-7/Bgl2, Cab-7/BstE2, Cab-7, and Cab-3 (Pichersky et al., 1985) were in vitro transcribed using SP6 RNA polymerase (Krieg and Melton, 1984) and in vitro translated in wheat germ extract (Morch et al., 1986) 
lmport into lsolated Chloroplasts
Intact chloroplasts were isolated from 8-to 10-d-old pea plants (Pisum sativum var Laxton's Progress #9) and used in import studies essentially by a method described previously (Cline, 1986) . Briefly, import reaction mixtures contained intact chloroplasts (2 mg/mL of Chl), 10 mM MgATP, 10 mM Met, 0.33 M sorbitol, 50 mM Hepes-KOH, pH 8.0, and 2 X 106 cpm of precursor/mg of Chl. Following a 30-min incubation at 25OC, the chloroplasts were treated with 0.1 mg/ mL of thermolysin in l x SH to remove precursor molecules adsorbed to the outer surface of the chloroplasts, and intact chloroplasts were reisolated by centrifugation through a 40% Percoll cushion. The chloroplasts were then lysed in TGR containing 5 mM EDTA, and thylakoids were isolated by centrifugation in a microcentrifuge for 2 min. Thylakoids were washed and then resuspended in 100 pL of TGR.
Membranes at a final Chl concentration of 1 mg/mL were routinely washed with an equal volume of 0.2 N NaOH or were first treated with 0.3 mg/mL of trypsin (L-l-tosylamide -2-phenylethylchloromethyl ketone treated, Sigma) for 30 min at O°C followed by an alkali wash. The membranes were then centrifuged, washed in TGR, and solubilized in SDS-PAGE solubilization buffer (0.2 M Tris/HCl, pH 6.8, 10% glycerol, 8% SDS, 20% P-mercaptoethanol, and 0.04% bromophenol blue).
Pulse-Labeling Experiments
Time course measurements were made essentially as described (Reed et al., 1990 ) with slight modifications. Import reactions were prepared in a common tube that was preincubated at 25OC for 10 min prior to adding the labeled precursor polypeptides. After a 2.5-min transport period, plastids were pelleted through Percoll and lysed in 45 mM Hepes-KOH, pH 8.0. The thylakoids were pelleted (2 min, 13,OOOg) and samples were resuspended in 45 mM Hepes-KOH, pH 8.0, and aliquoted into three tubes. Thylakoids were again pelleted and then resuspended to 2 mg/mL of Chl in prewarmed solutions of (a) +stroma +ATP (prepared by lysing intact chloroplasts containing 2 mg of Chl in 1 mL of 45 m Hepes-KOH, pH 8.0, 10 mM Na2ATP, 10 mM MgCl,); (b) +stroma -ATP (prepared by lysing chloroplasts in 45 mM Hepes-KOH, pH 8.0, 10 mM Glc, 20 units of hexokinase, Sigma); or (c) -stroma -ATP (45 mM Hepes-KOH, pH 8.0, 10 mM Glc, 20 units of hexokinase). Samples were further incubated at 25OC and, at the appropriate times, aliquots (300 pg Ch1/300 pL) were removed and reactions were poisoned by adding HgC12 to 3 mM. For the zero time point, HgC12 was added to a sample of intact chloroplasts prior to introducing the labeled precursor. Intact chloroplasts were also removed from the common reaction mixture at 1 and 2.5 min and poisoned with HgC12. These chloroplasts were lysed by two washes in TGR + EDTA. The other thylakoid samples were also washed two times in TGR + EDTA and a11 samples were resuspended in 100 pL of TGR and processed with alkali or trypsin as described above.
lsolation of LHCI
PSI was isolated using an established procedure with slight modifications (Mullet et al., 1980) . After import, thermolysintreated chloroplasts were isolated through 40% Percoll and lysed in 1/6X SH containing 5 mM EDTA. Thylakoids were pelleted by centrifugation (lO,OOOg, 5 min), washed twice in 1/6X SH, resuspended in water to 0.85 mg/mL of Chl, and solubilized in 0.8% Triton X-100 by gentle shaking for 15 min at room temperature. Unsolubilized material was removed by centrifugation for 5 min at 50,000 rpm in a TL-100 table-top ultracentrifuge (Beckman) using a TLA 100.3 rotor, and the soluble fraction was applied to Suc step gradients made with 0.5 mL each of 2 M and 1 M Suc and 1 mL of 0.5 M Suc in 20 mM Hepes-KOH, pH 8.0, and 0.05% Triton X-100. Samples were centrifuged in an SW-60 rotor at 60,000 rpm for 1 h. PSI, which accumulated at the 1 M-2 M interface, was removed, diluted with 20 mM Hepes-KOH, and centrifuged at 75,000 rpm for 5 min in a TLA 100.3 rotor. The pellet was resuspended in l/6x SH and adjusted to 1 mg/ mL of Chl. LHCI was solubilized from PSI as described (Haworth et al., 1983; Ikeuchi et al., 1991) with slight modification. Zwittergent 3-16 and dodecylmaltoside (both from Calbiochem) were added to final concentrations of 0.4 and 0.3%, respectively, incubated with gentle rocking for 40 min at 4°C, and applied to 5 to 40% Sue gradients containing 20 HIM Hepes-KOH, pH 8.0, and 0.05% dodecylmaltoside. After centrifugation for 16 h at 60,000 rpm in an SVV-60 rotor, pigmented bands were recovered from the gradients, diluted with 20 mM Hepes-KOH, pH 8.0, and concentrated in P-30 centricons (Amicon). Samples were either analyzed directly by denaturing or nondenaturing PAGE or were treated with 0.3 mg/mL of trypsin prior to PAGE. Proteolysis was terminated by addition of PMSF to 3 mM.
Gel Electrophoresis Analysis
Solubilized membranes were resolved on 13% SDS-polyacrylamide denaturing gels (Laemmli, 1970) or after proteolysis on 14% SDS-polyacrylamide denaturing gels as described by Schagger and Von Jagow (1987) . Gels were scanned by a Phosphorlmager (Molecular Dynamics) for quantitation of radioactive bands and subsequently exposed to x-ray film for documentation. To resolve intact Chl-protein complexes, we used a nondenaturing Deriphat gel system (Peter and Thornber, 1991) . For protease treatment of the membrane, thylakoids (30 /tg of Chl in 30 /^L) were incubated with 0.3 mg/mL of trypsin for 30 min at 0°C. Proteolysis was stopped by adding 1 ^L of 100 mM PMSF followed by 30 i*L of 2 M Na 2 CO 3 , and the membranes were washed successively in TGR + 5 mM EDTA and TGR, resuspended in 27 jiL of TGR, and solubilized by adding 3 fiL of 6% nonylglucoside (Calbiochem), 3% dodecylmaltoside (Calbiochem), and 1% SDS (United States Biochemical) solution. Membranes were washed with Na 2 CO 3 rather than NaOH because the latter promoted the dissociation of LHCI from native PSI.
RESULTS
Assembly of CAB-7p into PSI Proceeds via a Membrane Intermediate
After radiolabeled CAB-7p (from tomato) is imported into isolated pea chloroplasts, it integrates into the thylakoid membrane and assembles into PSI. Assembly is assessed by solubilizing thylakoids in detergent and separating Chl protein complexes on nondenaturing gels (see Peter and Thornber, 1991) (Fig. Ib) . In our hands, such gels typically resolve four Chl bands, PSI + LHCI (native PSI), PSI, oligomeric forms comprising LHCI and LHCII, and monomeric forms comprising both types of LHC. When this analysis is performed on CAB-7p that has been incubated with chloroplasts for 30 min, 60% of the label comigrates with monomeric species of LHC and 17% of the labeled protein comigrates with native PSI (Fig. 1) . Some radioactivity forms bands slightly ahead and slightly behind the oligomeric forms of LHC. Clearly, there are at least two forms of the protein in the membrane. The significance of these other bands has not been determined, but they could be artifactual, since even for the 0-min point in a time course (see Fig. 2a ), some radioactivity remains associated with the thylakoids after trypsin treatment followed by Na 2 CC>3 wash. In Figure Ib , the radioactivity running ahead of the monomer band corresponds to the region of free Chl (very lightly stained in Fig.  la ) and is thought to contain polypeptides degraded to less than 3 kD. We investigated whether the monomeric species represented an intermediate in the assembly of CAB-7p into PSI. To address this question, we imported CAB-7p into chloroplasts for only 2.5 min and studied the assembly of the protein into PSI over the course of 2 h. Similar results were also obtained when a brief integration reaction took place in chloroplasts lysates (data not shown). Between 2.5 and 10 min, chloroplasts were pelleted through Percoll and lysed in 45 mM Hepes-KOH, pH 8.0, and thylakoids were pelleted, washed in Hepes buffer, and resuspended in +stroma +ATP. At the indicated times, samples were removed and the reactions were terminated by adding HgQ 2 . Membranes were treated with trypsin, washed with alkali, and analyzed on nondenaturing gels. The trypsin and alkali treatment substantially reduced background levels of radioactivity. Although, as will be discussed below, trypsin treatment cleaves a membrane form of CAB-7p that has not assembled into PSI, peptide fragments still comigrate with the monomeric form of LHC. We determined this by cutting out the Chl protein bands from a nondenaturing gel and rerunning the bands on a denaturing gel (data not shown). In the time course study, we observed that within 2.5 min, a substantial amount of CAB-7p had integrated into the thylakoid membrane, although very little of the protein had assembled into PSI. Integration of CAB polypeptides, including CAB-7p, into thylakoids requires the simultaneous presence of precursor, stroma, and ATP (Cline, 1986; Huang et al., 1992) . Between 2.5 and 10 min, these factors were washed away, and hence it is unlikely that any CAB-7p integrated into the membrane after 10 min. Over the next 2 h, we observed a slow but continual accumulation of radioactivity in native PSI (Fig. 2,  a and Evidence that stroma and ATP are not required for assembly of LHCI-680 into PSI. CAB-7p was labeled with [ 35 S]Met and imported into isolated pea chloroplasts. After 2.5 min (L), chloroplasts were pelleted through Percoll and lysed, and thylakoids were reisolated and washed as described in "Materials and Methods." At 10 min (R), thylakoids were resuspended in either +stroma + 10 ITIM ATP (a), H-stroma -ATP (b), or -stroma -ATP (c) (see "Materials and Methods" for details), and processed and run on nondenaturing gels as described in Figure 1 in Figure 2 indicate that integration of CAB-7p into the thylakoid and assembly into PSI are temporally distinct processes, i.e. assembly continues to occur after integration has been completed. Furthermore, it demonstrates that the fastermigrating species are intermediates in PSI assembly, since any additional radioactivity found in PSI during the time course must be derived from the faster-migrating species that had integrated prior to 10 min. The majority of the fastermigrating species comigrate with the monomeric form of LHC. As was observed in Figure Ib , two additional slower bands are evident that flank the oligomeric form. Because we have not determined the significance of these bands, we can not exclude their involvement in the assembly pathway. The data in Figure 2a show that assembly of a membrane form of CAB-7p into PSI occurs in the presence of stroma and ATP. To examine whether stroma or ATP were absolutely required, we conducted additional experiments where thylakoids containing CAB-7p were resuspended in stroma + hexokinase/Glc, or hexokinase/Glc. The hexokinase/Glc was added to scavenge any residual ATP. The hexokinase/ Glc treatment was judged to be effective because it eliminated ATP-driven import of CAB-7p into chloroplasts but had less effect on light-driven import (data not shown). ATP synthesis by the thylakoids should be minimal because the levels of light were low. Where stroma was also absent, ATP synthesis should also be minimized due to a lack of ADP. Between 20 and 120 min, the relative level of radioactivity in PSI increased similarly and up to nearly 7-fold for all three treatments, demonstrating that stroma and ATP are not required for the PSI assembly of CAB-7p that had previously integrated into thylakoids (Fig. 2, a, b, c , and e).
Trypsin Treatment of Thylakoids Reveals Two Membrane Forms of CAB-7p
When radiolabeled CAB-7p is imported into chloroplasts, the 30-kD precursor is processed to a 23-kD mature form. When thylakoids containing the radiolabeled protein are treated with trypsin, 10 to 20% of the 23-kD polypeptide is digested (Fig. 3a) . If the trypsin digest is run on a gel capable of resolving small polypeptides, we observed that the 23-kD band is cleaved into two discrete products of 12 and 7 kD. The cleavable species differs from protein that has not integrated into the membrane. If integration into the thylakoid is inhibited by the addition of the uncouplers valinomycin and nigericin, CAB-7p accumulates in the stroma (data not shown), as was found for an LHCII CABp (Cline et al., 1989; Reed et al., 1990) . The stromal form of CAB-7p is digested by trypsin into fragments smaller than 7 kD, as is the CAB7p translation product (data not shown). Thus, the recovery of 12-and 7-kD cleavage products from proteolyzed membranes indicates that these peptides are derived from a species that had integrated into the membrane. Therefore, CAB-7p exists in two distinct membrane forms; one is protease resistant and the other is cleavable by trypsin.
A Mutant CAB-7p That Fails to Assemble into PSI Is Largely Cleaved by Trypsin Treatment of Thylakoids
In the course of another study (unpublished data) we had generated CAB-7/Bgl2p, a mutant of the PSI-CAB protein CAB-7p, in which Val and Gly at positions 194 and 195 were substituted with Lys and He, respectively. Likewise, we had generated CAB-7/BstE2p, in which Asn and Thr at positions 134 and 135 were substituted with Gly and Asp, respectively. Both mutant proteins were imported into isolated chloroplasts with efficiencies comparable to the wild-type protein and were found exclusively in the thylakoids. Like the wild-type protein, they were processed from a 30-kD precursor to a 23-kD mature polypeptide. To test for assembly, thylakoids containing labeled mutant and wild-type protein, following import of the precursor, were solubilized and electrophoresed on a nondenaturing gel. Results from an experiment where proteins were imported into chloroplasts for 30 min are shown in Figure Ib . CAB-3p, a protein of LHCII, comigrates exclusively with the oligomeric and monomeric forms of the antenna protein. CAB-7p comigrated with the monomeric species and 17% of the label was associated with native PSI. For CAB-7/BstE2p, 10% had assembled into PSI, whereas a majority of the radioactivity comigrated with the monomer band. In the case of CAB-7/Bgl2p, protein was found only in a form that comigrated with the monomeric proteins. This indicates that CAB-7/Bgl2p fails to assemble into native PSI or that it forms a very weak association that is disrupted by the detergents used for solubilization or electrophoresis. When thylakoids containing the membrane forms of the mutant proteins were treated with trypsin, proteolysis of the 23-kD peptide was more extensive than for the wild-type protein.
For example, after treating thylakoids with 0.3 mg/ mL of trypsin, 10 to 20% of the wild-type protein, 30 to 40% of CAB-7/BstE2p, and over 70% of CAB-7/BgI2p were cleaved (Fig. 3a) . Both the mutant and wild-type proteins contain at least two species of CAB-7p distinguishable by protease sensitivity. However, the cleavable species was more abundant in the mutant proteins' than in the wild type. The observation that CAB-7/Bgl2p was unable to assemble into PSI suggested that it was arrested in some stage of the assembly pathway. The fact that its membrane form was largely cleaved by trypsin suggested that the cleavable species might be an intermediate.
Topology of the Mutant and Wild-Type
Protein in the Membrane
The fact that the wild-type and two mutant proteins produced the same cleavage pattern when exposed to trypsin suggested that the three proteins have a similar membrane topology. The topology can be reconciled with the topological model proposed for a related CAB polypeptide from PSII (Karlin-Neumann et al., 1985) based on the sizes of the peptides produced from the CAB-7 proteins by trypsin digestion and the level of radioactivity in each fragment. A schematic presentation of this model as it applies to CAB-7p and CAB-7 mutant polypeptides is shown in Figure 3b . The location of the three Met residues (115, 230, and 234), two Cys residues (111 and 177), and potential trypsin cleavage sites (+) are indicated.
When the wild-type and two mutated CAB-7 proteins were labeled with Met, trypsin cleavage products of 12 and 7 kD were detected (Fig f 3a) . Quantitation of the radioactivity associated with these bands revealed that the 7-kD Metlabeled fragments contained twice the radioactivity as the 12-kD fragment. This suggested that the smaller fragment contained the third putative membrane-spanning domain and the larger fragment contained the first and second transmembrane domains. When the proteins were labeled with [ 35 S]Cys, only a single, 12-kD species was detected after protease treatment (Fig. 3a) . The sum of radioactivity in the 23-and 12-kD fragments after proteolysis equaled the radioactivity in the 23-kD band prior to proteolysis, indicating that Cys was not lost from the 12-kD fragment. Although both Cys residues are predicted to lie outside the membrane, neither is lost after trypsin cleavage. Our data suggest that the larger fragment is produced by cleavage at Arg 101 and Lys 188 (predicted molecular mass =10 kD) and the smaller fragment is cleaved between Lys 214 and Arg 227 and extends to the C terminus (predicted molecular mass = 6 kD). The predicted cleavage sites are indicated on Figure 3b . The proteolysis experiments suggest that all three proteins have a topology resembling that of CAB polypeptides from PSII, i.e. they have three transmembrane domains with the N terminus in the stroma.
Isolation of CAB-7p in LHCI-680 and Native PSI
Because newly imported CAB-7p was found in the thylakoid as two species distinguishable by protease resistance, we attempted to identify whether the resistance to protease reflected the assembly state of the protein. contain both the core complex and the light-harvesting antenna (Mullet et al., 1980) . The antenna was solubilized from PSI particles and fractionated on Sue gradients into two pigmented subcomplexes, LHCI-680 and LHCI-730, that fluoresce at 680 and 730 nm, respectively (Lam et al., 1984; Ikeuchi et al., 1991) . Based on sedimentation in Sue gradients and mobility on nondenaturing gels, LHCI-680 has been shown to consist of two monomeric species (Ikeuchi et al., 1991; Knoetzel et al., 1992) , one of which corresponds to CAB-7p. Likewise, LHCI-730 has been shown to be an oligomeric form consisting of two to three CABp's but not CAB-7p (Ikeuchi et al., 1991; Schwartz et al., 1991; Knoetzel et al., 1992) . Using established methods, we were able to recover radioactive CAB-7p in both PSI particles and LHCI-680. As previously reported (Ikeuchi et al., 1991) , solubilized PSI particles loaded on Sue gradients yielded four green zones and a pellet (Fig. 4a) . From our SDS-PAGE analysis (Fig. 4b) , nondenaturing gel analysis (Fig. 5, a and b) , and 77 K fluorescence data (not shown), the zones contain as follows: zone 1, dissociated protein and free Chl; zone 2, mostly LHCI-680 with some LHCI-730 contamination; zone 3, mostly LHCI-730 with some LHCI-680 contamination; zone 4, PSI core complex with traces of LHCI; the pellet, native PSI. Most of the radioactivity on a per Chl basis was found in zone 2, the LHCI-680 fraction. When this fraction was run on nondenaturing Deriphat gels and compared with the Chl proteins from solubilized thylakoids, three bands were evident (Fig. 5a) . Most of the radioactivity (Fig. 5b ) was associ- 4 ) that were directly run on nondenaturing Deriphat gels. Thylakoid samples were prepared as described in "Materials and Methods." The oligomeric and monomeric bands of the thylakoid sample contain primarily LHCII. Gels were dried, quantitated by radioanalytical imaging, and autoradiographed. TLK, Thylakoids. b, Autoradiograph of the gel shown in a. c, SDS-PAGE analysis of green bands (zone 2, free Chl band; zone 2, monomer band; zone 3, oligomer band; and zone 1, putative free Chl band) eluted from a gel run parallel to a. The arrow points to the 23-kD band corresponding to CAB-7p.
ated with the band that has the same electrophoretic mobility as the LHCII monomer (thylakoid lane). This band is thought to be LHCI-680 because it fluoresces at 680 nm (not shown) and consists largely of 23-and 25-kD polypeptides (Fig. 5c) . The slower migrating green band evident in both zone 2 and zone 3 has the same electrophoretic mobility as the oligomeric form of LHCII (thylakoid lane) (Fig. 5a ) and is thought to be LHCI-730 because it contains the characteristic 20-kD polypeptides ( Fig. 5c ) and fluoresces at 730 nm (data not shown). Very little radioactivity is seen to comigrate with the slow band on nondenaturing gels (Fig. 5b) . Thus, very little if any CAB-7p was isolated in an oligomeric form under these solubilization conditions. The fastest migrating band is thought to correspond to free Chl and degraded protein.
When the fast band was eluted and rerun on SDS-PAGE, no stainable protein was evident (Fig. 5c) . The radioactivity associated with this band on nondenaturing gels (Fig. 5b) ran to the dye front after reelectrophoresis on SDS-PAGE (data not shown). Zone 1 contained a single broad green band that migrated between the intermediate and the fast band (Fig.  3a) . Radioactivity associated with this band did not comigrate with the bulk of Chl in this sample (Fig. 5b) ; it ran with the trailing edge of the Chl and appeared to comigrate with the monomeric species. There seemed to be a great deal of lipid in zone 1, and we suspect that most of the zone 1 Chl is not bound to protein but that it does not comigrate with free Chl because of the lipid present. Likewise, the mobility of the radioactive protein may also be retarded, and thus it would actually run ahead of the monomeric species if no lipid were present.
Proteolytic Mapping of LHCI-680 and Native PSI
To measure the protease resistance of the various membrane forms of CAB-7p, native PSI and zones 1 through 3 from the Sue gradient described above were treated with 0.3 mg/mL of trypsin and analyzed by SDS-PAGE. Despite the fact that PSI was solubilized from the membrane, CAB-7p assembled into PSI was extremely resistant to protease (Fig.  6b) . Over 85% of the radioactivity was recoverable in the 23-kD band after proteolysis, and no degradation products were visible. In contrast, both the radioactive 23-kD band (Fig. 6b ) and endogenous polypeptides (Fig. 6a ) in zone 1 were almost completely cleaved by protease, and discrete 12-and 7-kD products were not visible. The proteolysis products generated from CAB-7p derived from zones 2 and 3 resembled that of CAB-7/Bgl2p. Between 70 and 80% of the 23-kD polypeptide was cleaved, generating discrete 12-and 7-kD fragments. Thus, LHCI-680 is a form of CAB-7p that is cleavable into 12-and 7-kD fragments, and this property is evident in the solubilized complex. The data in Figure 6 suggest that the cleavable and resistant membrane forms of CAB-7p correspond to species assembled into LHCI-680 and PSI, respectively.
% protease-protected (23 kD): 85% 4% 18% Figure 6 . CAB-7p in LHCI-680 is cleaved by trypsin but is resistant when in PSI. PSI was prepared, solubilized, and fractionated as described in the legend to Figure 4 . In this experiment, zones 2 and 3 were not collected separately. Twenty micrograms of Chl were incubated at 0°C with or without 0.3 mg/mL of trypsin and analyzed by SDS-PACE (Schagger and von Jagow, 1987). a, Coomassie blue-stained gel. b, Phosphoimage of the gel in a. The arrow in a points to endogenous CAB-7p.
DISCUSSION
We present evidence that during the assembly of CAB-7p into PSI, protein first accumulates in a membrane form prior to association with PSI. From nondenaturing gel analysis of radiolabeled imported CAB-7p, we clearly see two species of protein (Fig. Ib) . One species is assembled into native PSI (PSI + LHCI); the other species comigrates with the monomeric form of LHC. We observed that a faster-migrating species accumulates in the thylakoid when CAB-7p is imported into chloroplasts for as little as 1 min (Fig. 2) . In contrast, very little protein has assembled into native PSI by this time. Cab-7p, however, does continue to assemble into native PSI over a 2-h period. We showed that removal of nonintegrated protein (radiolabeled translation product) and the factors required for integration of CAB-7p into the thylakoid (stroma and ATP) had no effect on assembly into native PSI. From these observations, we conclude that CAB7p first integrates into the thylakoid in a form that subsequently assembles into PSI. Because the majority of the fastermigrating species comigrates with the monomeric form of LHC, we suggest that the intermediate is a monomeric form of the protein.
Trypsin digestion of membranes containing radiolabeled CAB-7p also reveals the presence of two species of CAB-7p. The predominant species of the protein is completely resistant to proteolysis, and the other species is cleaved into 12-and 7-kD fragments. We discovered that CAB-7p in native PSI is completely resistant to trypsin. However, if we solubilize PSI into the core complex and LHCI, the antenna form of CAB7p, LHCI-680, was predominantly cleaved into 12-and 7-kD fragments. This suggests that LHCI-680 may be the cleavable membrane species.
The chloroplast import of a mutant of CAB-7p provided further insight into the process of assembly of CAB-7p into PSI. The mutant protein, CAB-7/Bgl2p, was found to be incapable of assembly into native PSI; it accumulated only as a monomeric species in the membrane. This observation suggested that the mutant protein was arrested at an earlier stage in the assembly process. The mutant protein resembled the wild-type form in the sense that trypsin cleavage sites appeared to be identical for both proteins. Unlike the wildtype protein that was primarily protease resistant, most of the mutant protein was in a form that was cleaved by trypsin into 12-and 7-kD peptides. The fact that the mutant protein could not assemble into PSI, combined with the observation that it existed predominantly as a cleavable species, suggested that the cleavable species accumulates when assembly is arrested and, therefore, is an intermediate.
What changes might occur to the protein during assembly to prevent trypsin sites from being cleaved? At least two changes in the level of protease resistance are observed. Precursor protein, CAB-7p isolated from the stroma, or solubilized CAB-7p isolated from zone 1 are presumably cleaved at all potential trypsin cleavage sites. Upon integration of CAB-7p into the membrane, we observe a monomeric species where potential cleavage sites between residues 166 and 188 are not cleaved by trypsin. Upon further assembly into native PSI, no sites are cleaved. Based on the topological model, nearly all potential trypsin cleavage sites are on the stromal Because LHCI-680 is not cleaved at any of its trypsin sites and is thought to be a monomer based on its mobility in Suc gradients and nondenaturing gels, oligomerization does not explain the masking of some of the trypsin sites. Because LHCI-680 contains Chl and the forms of CAB-7p that are completely digested by trypsin do not have associated pigment, it is likely that protein modification via pigment assembly or the resulting effects on protein folding mediate the masking of the trypsin sites. Our interpretation directly supports the idea, derived from experiments with mutants without Chl b, that Chl is required for CABp stability (Bellemare et al., 1982; Hoober and Hughes, 1992) .
We have clearly shown that the 23-kD form of CAB-7p is fully resistant to protease when the protein is assembled into PSI. However, two observations suggest that full protease resistance may be a property of the monomer: (a) we observed that the 23-kD form of LHCI-680 and solubilized CAB7Bg12p are not completely digested by the high levels of protease utilized, and (b) the percentage of membrane CAB7p that is protease resistant (typically 70-80%) is much greater than the percentage of membrane CAB-7p that has assembled into PSI (typically 15-25%).
Conceivably, when a11 the pigment-binding sites of CAB7p are fully occupied, the protein is completely resistant to protease. Because a11 CAB-7p in PSI is fully protease resistant, this suggests the interesting possibility that PSI contains only proteins that have the full complement of pigments, which could mean that protein must be fully pigmented before assembly can occur. If this were the case, we would predict that CAB-7p in LHCI-680, which is derived by solubilization of PSI, should be completely protease resistant. The fact that much of CAB-7p from LHCI-680 is actually cleaved could be explained by detergent removal of some pigment during LHCI solubilization, thus rendering the protein cleavable. LHCI-680, as it is isolated from the Suc gradient, may actually represent a collection of CAB-7p containing varying amounts of assembled pigment. The cleavable species observed in the membrane may actually represent a form of CAB-7p in the process of pigment assembly, i.e. an intermediate in the assembly of LHCI-680. The fact that the cleavable species accumulates to a greater extent in the case of the mutant proteins may indicate that the mutant proteins are impaired in their ability to bind Chl.
Because we could follow assembly in chloroplast lysates,
we were able to demonstrate that assembly into PSI does not require stromal factors or ATP. Assembly of CAB-7p into PSI is clearly evident within 3 min (Fig. 2a) . The species that is cleaved to the 12-and 7-kD fragments is detectable between 1 and 2 min from the start of an import experiment (data not shown). From this observation, we infer that pigments are almost immediately assembled onto apoprotein as it integrates into the thylakoid, and it is likely that assembly into PSI occurs rapidly after pigmented intermediate is formed. Assembly of CAB-7p into PSI continues to occur for 120 min. This process may be rate limited by the availability of assembly sites on PSI. Reed et al. (1990) demonstrated that during the chloroplast import of CABp from LHCII, two species of CAB polypeptides are found in the thylakoid. Protease cleaves the 27-kD mature polypeptide into either an 18.5-or 25-kD fragment. The species that is cleaved to the smaller fragment is only observed within the first 10 min and, thus, the authors suggested that this species is an intermediate in the assembly pathway of LHCII. Because the LHCII-CABp also has potentia1 trypsin cleavage sites in the N terminus as well as the stromal loop between the second and third membrane-spanning domains, the 18.5-kD species likely has sites that are not being cleaved. This species has not been extensively characterized, but it superficially resembles LHCI-680 because it is partially protease resistant. Likewise, the fully assembled proteins residing in either LHCII or PSI are more protease resistant and exhibit the same high degree of protease resistance after solubilization from the membrane (this work and J. Bennett, personal communication). The observations of Reed et al. (1990) also agree with the idea that additional protease resistance occurs as pigments are assembled onto apoprotein.
The inability of CAB-7/Bgl2p to assemble into PSI implies that the conformation of the second hydrophilic loop is important for assembly. CAB-7/BstE2p, which has a mutation in the lumenal loop, was still capable of assembling into PSI. It is interesting to note that the second loop is typically 20 amino acidslonger in PSI CAB proteins than in PSII CAB proteins (Schwartz et al., 1991) . Furthermore, this region unique to PSI CAB proteins has a slight degree of sequence similarity among PSI CAB proteins, prompting Schwartz et al. (1991) to propose that this region is involved in binding or targeting LHCI to PSI. The mutation we introduced into CAB-7p occurs in this stretch and the failure of the mutant to associate with PSI is consistent with the proposed function of this region.
The results of this paper suggest that there are a minimum of three distinct steps in the thylakoids in the assembly of CAB-7p into PSI. First, apoprotein is integrated into the thylakoid. This process requires stroma and ATP (Huang et al., 1992) , as was found for CAB polypeptides from LHCII (Cline, 1986) . Second, we propose that Chl and possibly other pigments such as xanthophylls are assembled onto the apoprotein, forming a monomeric species that may correspond to LHCI-680. We suggest that the addition of pigments onto CAB-7p masks potential trypsin sites and confers full protease resistance. Third, the membrane intermediate assembles into PSI in a process that does not require stroma or ATP.
